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ABSTRACT: This study is focused on the investigation
of moisture uptake properties of chitosan films. The GAB
isotherm model is found to fit well to the experimental
moisture uptake data obtained at 10, 25, and 37�C. The
water vapor permeability is found to increase with tem-
perature. The use of plasticizer enhances the water vapor
permeability. Finally, the films have been loaded with
ZnO nanoparticles and characterized by X-ray diffraction,
differential scanning calorimetry, surface plasma reso-

nance, and scanning electron microscopic analyses. The
crystal size as determined using Scherrer’s equation is
found to be around 15 nm. The films have shown excellent
antibacterial action against the model bacterium Escherichia
coli. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 115: 674–683,
2010
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INTRODUCTION

There has been a growing interest in the develop-
ment of food packaging films that can be used for
controlling the microbiological decay of perishable
food products.1–3 The water permeability of edible
films is an area of deep research, because water is
often the main component of a food stuff, which
also contains carbohydrates, proteins, fats, and min-
eral salts. At particular conditions of temperature
and moisture, the interactions between these constit-
uents can cause browning and lipid oxidation,
among other reactions, and can provide the appro-
priate conditions for microbiological growth.4 The
antimicrobial packaging films have shown great
potential to control the growth of foodborn patho-
gens, including Listeria monocytogenes, Escherichia coli
0157;H7, and Salmonella typhimurium.5

Most films, used to preserve food stuff, have been
produced from synthetic polymers. Nevertheless, for
environmental reasons, attention has lately been
focused on natural biopolymers such as polysaccha-
rides,6–9 proteins,10–12 and lipids13 or the combina-
tion of these components for the preparation of food
packaging films. These films are usually loaded with

antimicrobial agents who, on coming in contact with
food stuff, act on food-born microorganism and
inhibit their growth. These agents belong to a
wide spectrum of organic/inorganic compounds,14

essential oils,15 bacteria-originated antibacterial
protein (bacteriocins),16 enzymes,17 fruit extracts,18

etc. Although, these antibacterial agents have shown
great potential in inhibiting microbial growth in
food stuff, the development of new resistant strains
of bacteria to current antibiotics19 has become a seri-
ous problem in public health. Therefore, the current
research has been focused on the search for new
bactericides that can effectively reduce the harmful
effects of microorganisms. With the emergence of
nanotechnology, the search for effective biocidal
agents has focused on the development of nano-
structure of coinage metals like silver, copper, zinc,
and gold.20 However, the high cost of silver and
gold metals has limited their use as antibacterial
agents on industrial basis. Therefore, currently nano-
particle metal oxides, such as ZnO, have emerged
out as a new class of important materials that are
increasingly being developed for use in research and
health-related applications, because of their low cost,
easy availability, and unique chemical and physical
properties.
Recently, there have been several reports regard-

ing the antimicrobial activity of ZnO nanoparticles.21

It has been reported, on the basis of preliminary
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growth analysis, that ZnO nanoparticles have higher
antibacterial effects on microorganism like Salmonella
aureus than other metal oxide nanoparticles.22 Simi-
larly, Tam et al.23 have reported antibacterial activity
of ZnO nanorods prepared by hydrothermal
method. ZnO exhibited fair activity against Esche-
richia coli and Bacillus atrophaeus, but it was consider-
ably more effective in the later case (at 15 mM
versus 5 mM concentration respectively, showing
zero viable cell count). For both organisms, damage
of cell wall was observed. Recently, Padmawathy
and Vijayaraghavan24 prepared ZnO nanoparticles
of different sizes and characterized by scanning elec-
tron microscopy (SEM), TEM, and X-ray diffraction
(XRD) analysis. It was observed that nano ZnO
showed enhanced antibacterial activity as compared
with bulk ZnO and that both the abrasiveness and
the surface oxygen species of ZnO nanoparticles
promoted the biocidal properties.

The present work involves water sorption studies
of chitosan-based edible films. In addition ZnO
nanoparticles have been impregnated into chitosan
films followed by a novel equilibration-cum-precipi-
tation method. The antibacterial activity of nano
ZnO-loaded films have been investigated on model
bacteria E. coli. Zinc oxide has frequently been used
in food stuff. It decomposes into Zn2þ ions after
going into human body. Wheat proteins, fortified
with ZnO, have been proved to possess good Zn
absorption.25

EXPERIMENTAL

Materials

Chitosan was obtained by deacetylation of chitin (Hi
Media, Mumbai, India) in 50 wt % NaOH solution
at 90�C in nitrogen atmosphere for 2 h. The chitosan
flakes, so obtained, were washed with water (Milli-
pore Milli-Q) and dried at 50�C in vacuum. The
degree of deacetylation, as determined using method
of Guilbal et al.,26 was found to be 95%. The molar
mass, as determined using well-known Mark-
Houwink equation was found to be 1.42 � 106, thus
indicating a high molecular weight chitosan. Zinc
nitrate, sodium hydroxide, nutrient agar, agar- agar
Type-1, and nutrient broth were also received from
HiMedia laboratories, Mumbai, India. Different salts,
used to prepare saturated solutions to provide
desired relative humidity (RH) were received from
E-Merck, Mumbai, India. Millipore water was used
throughout the investigations.

Preparation of plain chitosan film

Chitosan solution (2%, w/v) was prepared by dis-
solving precalculated quantity of chitosan in 4% (v/v)

acetic acid solution as specified by Coma et al.27 The
solution was poured in a uniform layer of 1 mm
thickness onto a polypropylene plate. The optimum
conditions for casting were 60�C, for 2.5 h in a dry-
ing oven at ambient RH. The dried film was peeled
from the plate and stored in a dust-free chamber at
25�C.

Preparation of ZnO nanoparticles-loaded film

The ZnO nanoparticles-loaded films were prepared
by carrying out in-situ precipitation of Zn(II) in the
presence of NaOH. In brief, plain chitosan film was
placed in 2% (w/v) aqueous solution of zinc chlo-
ride for 12 h at 30�C. The Zn(II) loaded film was
transferred into 0.02M aqueous solution of sodium
hydroxide. After 4 h, the film was taken out and
kept in electric oven (Tempstar India) at 70�C for 2 h
for complete conversion of Zn(OH)2 into ZnO.
Finally, the film was washed with water and then
put in vacuum chamber till further use. The film,
prepared by immersion in 2% Zn(II) solution, was
designated as zinc oxide-loaded chitosan (2)
[ZOLC(2)] film while plain chitosan film was named
as PC film.

Film characterization

The morphological features of plain and ZnO-loaded
film were observed using a JOEL JSM840A (Japan)
SEM. Differential scanning calorimetric (DSC) analy-
sis was performed with a Metter DSC-30 thermal an-
alyzer with PC and ZOLC. Film of known weight
(Ca, 2.4 mg) was taken in a sealed aluminium pans
and the sample was heated from 40 to 260�C at the
heating rate of 20�C/min under the constant flow of
argon gas. The XRD pattern of nano ZnO was ana-
lyzed with a PANalytical X’pert PRO MPDR X-ray
diffractometer. The UV–visible spectrum of the nano
ZnO dispersed in distilled water was recorded in
UV–visible spectrophotometer (Shimadzu 6300) in
the range of 300 to 550 nm.

Moisture content studies

The moisture sorption isotherms were determined
gravimetrically using the static method as described
by Alhamdan and Hassan.28 Preweighed films were
placed in Petri dishes inside glass dessicators con-
taining different saturated salt solutions, thus pro-
viding constant RH environment ranging from 3 to
98% as described elsewhere.29 The dessicators were
placed inside temperature-controlled incubators
(Tempstar India), set at desired temperature. The
samples were weighed at different time intervals
using electronic balance (Denver, Germeny) with an
accuracy of 0.0001 g. Equilibrium was considered to
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have been obtained when three consecutive meas-
urements were found to be identical. The equilib-
rium moisture contents were calculated on dry basis
from which moisture sorption isotherms were
obtained.

Water vapor permeability measurement

Water vapor transmission of film was measured
using ASTM E 96-93 method.30 The test cups were
filled with 20 g of silica gel (desiccant) to produce a
0% RH below the film. A sample was placed inbetw-
een the cups and the silicon-coated ring cover and
held with four screws around the cups circumfer-
ence. The air gap was at � 1.5 inbetween the film
surface and desiccant. The water vapor transmission
rate (WVTR) of each film was measured at 100% RH
and 25�C � 1�C. After taking initial weight of the
test cup, it was placed in glass desiccators contain-
ing distilled water to provide 100% RH. The cups
were taken out at different time intervals and
weighed accurately. Three replicates of each sample
were measured.

The WVTR and other related parameters were
calculated31:

WVTR ¼ DW
Dt A

ðg s�1 m�2Þ (1)

Permeance ¼ DW
Dt ADP

ðg s�1 m�2 Pa�1Þ (2)

Permeability ¼ DW v
Dt ADP

ðg s�1 m�1 Pa�1Þ (3)

where DW/Dt is the amount of water gain per unit
time of transfer, v is the film thickness, A the area
exposed to water surface (cm2), and DP is water
vapor pressure difference between both sides of the
film.

Antibacterial studies

Antibacterial studies of ZOLC film were investigated
quantitatively and qualitatively by the zone inhibi-
tion method,32 killing kinetics and viable cell count
method,33 respectively, with E. coli as a model
bacteria.

In zone inhibition method, 100 lL of the inoculum
solution was added to 5 mL of the appropriate soft
agar, which was overlaid onto hard agar plates. Cir-
cular discs were cut from the test films (diameter ¼
1.5 cm) and were placed on the bacterial lawns. The
plates were incubated for 48 h at 37�C in the appro-
priate aerobic incubation chamber. The plates were
visually examined for zones of inhibition around the
film disc and the size of the zone diameter was

measured at two cross-sectional points and the aver-
age was taken as the inhibition zone.
For the liquid culture test, each film was cut into

squares (1 � 1 cm2). These sample squares were
immersed in 20 mL nutrient broth in a 25 mL uni-
versal bottle. The medium was inoculated with 200
lL of E. coli in its late exponential phase, and then
transferred to an orbital shaker and rotated at 37�C
at 200 rpm. The culture was sampled periodically
during the incubation to obtain microbial growth
profiles. The same procedure was repeated for the
control plain chitosan film. The optical density was
measured at 600 nm. The OD values were converted
into concentrations of E. coli colony forming units
per millliter using the approximation that an OD
value of 0.1 corresponded to a concentration at 108

cells/mL.
Finally, in cell count method, a 100 lL sample of

bacterial suspension cultured in nutrient broth (with
a concentration of 107 colony forming units/mL of
E. coli) was plated on definite quantity of finely cut
pieces of film and the plates were incubated at 37�C.
The number of resultant colonies was counted after
24 h of incubation.
All the experiments have been done in triplicate

and average data have been produced.

RESULTS AND DISCUSSION

Formation of ZOLC film

Chitosan,a derivative from deacetylation of chitin,
has been a well-known sorbent for metal ions such
as Zn2þ, Ca2þ, Fe3þ, due to the presence of amine
groups that serve as strong chelation sites for these
metal ions.33 On the basis of this fact, the overall for-
mation of ZnO nanoparticles within the chitosan
film may be explained as follow.
When chitosan film is immersed in aqueous solu-

tion of ZnCl2, Zn(II) ions enter into the network and
are firmly attached at ANH2 groups present along
the chitosan chains. In addition, AOH groups may
also serve as additional binding sites for incoming
zinc cations. When Zn2þ ions-loaded film is put in
aqueous NaOH solution, OH� ions also enter into
the network and cause precipitation of Zn(OH)2
which, on thermal curing, yield ZnO nanoparticles.
In this way, the ZnO nanoparticles-loaded chitosan
film is produced. Here, it is worth mentioning that
ANH2 and AOH groups that are present within
the matrix, serve as templets for the formation of
uniformaly distributed ZnO nanoparticles. Almost
similar results have also been reported by us previ-
ously34 for the in-situ formation of silver nanopar-
ticles in the poly(acrylamide-co-acrylic acid) hydrogel
networks.
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Characterization of ZOLC film

The surface plasma resonance is a characteristic of
metal nanostructures. In Figure 1, UV–visible spec-
trum of dispersion of ZnO nanoparticles has been
depicted. The excitation absorption peak of ZnO par-
ticles is observed at nearly 363 nm which is fairly
close to the absorption peak of 361 nm as obtained
by Vigneshwaran et al.35

Figure 2 shows XRD pattern of nano ZOLC film.
The peaks obtained at different crystal planes of
nano zinc oxide were very close to reported data
(JCPDS76-0704). Our values were also resembling
with those obtained by Li et al.,36 who reported 2y
values of 31.7, 34.4, 36.2, 47.5, 56.6, 62.8, and 69.1 for
reflections at (100), (002), (101), (110), (103), and
(112) planes. The values of 2y as displaced in Figure
2 are 31.6, 34.4, 36.0, 47.5, 56.6, 63.0, and 69.2, respec-
tively, which are almost identical with the reported
values. In addition to this, the presence of chitosan
is also confirmed by the diffraction peaks observed
at 2y ¼ 8.5, 15.8, and 23.0, which also match with
the values reported by Zhong and Xia.37 Here, it is
also worth mentioning that some additional small
peaks observed may be due to presence of other
impurities. Finally, the grain size was evaluated
using the well-known Scherre’s equation.

D ¼ Kk
ðb� b0Þ cosh (4)

when, Cauchy peak type is assumed. Here, D is the
crystal size, k is the X-ray wave length, b is the
width of the peak (full width at half maximum), b0
is the instrumental peak broadening, and the Scher-
rer constant K is 0.89. The crystal size for (002) and
(100) peaks were found to be 15.2 and 16.8 nm, thus
indicating the formation of almost uniform-sized
ZnO nanoparticles.

DSC analysis

Figure 3 depicts the DSC thermograms for plain and
ZOLC(2) films. It was observed that the glass transi-
tion temperatures were nearly 138.8 and 140.2�C,
respectively. A slight increase in Tg value is also in-
dicative of incorporation of ZnO nanoparticles into
the chitosan network, thus providing more thermal
stability.

SEM analysis

Figure 4(A,B) shows the SEM images of ZOLC(1)
and ZOLC(2) films, respectively. It is clear that there
is dense population of ZnO nanoparticles in the film
prepared with 2% ZnCl2 solution. In addition, the
almost uniform distribution of ZnO nanostuctures
establishes the superiority of present method involv-
ing in in-situ formation of zinc oxide nanostructures
within the chitosan film matrix.

GAB sorption isotherm studies

The moisture sorption isotherm of dried plain chito-
san (PC) film at 10, 25, and 37�C is shown in Figure
5. It is clear that all the curves show typical sigmoi-
dal shape thus confirming Type II classification
which is characteristic of biological materials and
high molecular weight sugars, which sorp relatively
small amount of water at lower activity and large
amount of high-relative humidities.38 The variation
in moisture content with temperature reveals some
interesting results. The moisture uptake is observed
to decrease when temperature is raised from 10 to
37�C. This behavior is most common for hydrated
food materials, protein-based films39 and may

Figure 2 X-ray diffraction pattern for ZnO nanoparticles-
loaded chitosan film.

Figure 1 Surface plasmon sspectrum for ZnO
nanoparticles.
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simply be attributed to the fact that increase in tem-
perature causes an increase in kinetic energy of
water vapor molecules and therefore van der Waals
forces between sorbed water vapor molecules and
chitosan film become weak, thus resulting in
decrease in moisture uptake. Thus, moisture sorp-
tion may be regarded as exothermic process because

moisture uptake decreases with increase in tempera-
ture. The data for moisture sorption, obtained at
three temperatures, were correlated by well-known
GAB sorption isotherm40 given as

aw
W

¼ 1� 2Kaw � CK2a

CKWm
(5)

Figure 4 SEM images for (A) PC and (B) zinc oxide nanoparticles-loaded film.

Figure 3 DSC thermograms for (A) PC and (B) ZOLC(2) films.
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where aw denotes the water activity, W is the water
content sorbed on 1 g of film, Wm is the water con-
tent adsorbed on the monolayer, and C and K are
the sorption constants related to the temperature.
Here, it is to be mentioned that the value of mono-
layer moisture content (Wm) is of particular interest,
because it indicates the amount of water that is
strongly adsorbed to specific sites at the film surface.
In this study, the values of Wm, as determined using
nonlinear regression analysis, were found to be
0.135, 0.075, and 0.036 g water/g dry film at 10, 25,
and 37�C, respectively. These values also indicate
that moisture content decreases with increase in
temperature. Similar results have also been reported
by Bertuzzi et al.9 for the starch-based edible films.

Water vapor permeability studies

Water vapor permeability (WVP) is proportionality
constant and is assumed to be independent of the
water vapor gradient applied across the films. How-
ever, hydrophilic materials such as proteins and
polysaccharides-based films deviate from this ideal
behavior due to interaction of penetrating water

molecules with polar groups of film constituent.41

Because a main function of edible film is often to
impede moisture transfer between food and the sur-
rounding atmosphere, or between two components
of heterogeneous food products, WVP is a significant
parameter to be studied.
Figure 6 shows the dynamics of water vapor

transmission through plain chitosan film at 10, 25,
and 37�C. The almost linear character of the curves
indicates steady-state water vapor transport and per-
mits determination of WVTR. It is clear from Figure
6 that transmission of water vapors through film is
enhanced with the increase in temperature. To
explain the observed finding, it is necessary to
understand the mechanism of water vapor transmis-
sion through film.42 In Figure 7, the permeation of
water vapor molecules through the film is shown.
First, the permeating molecules condense on surface
and solubilize into the film. This is followed by dif-
fusion in which permeating molecules have to find
their way through the film. Finally, these molecules
leave the surface of the film at other side. In the
light of the proposed mechanism, the observed
increase in transmission of water vapor through the
film may be explained. When temperature is
increased, except the first step, i.e., condensation of
water vapor molecules on the surface, all remaining
steps are enhanced. In other words, solubility of
molecules in the film, their diffusion through the
film matrix and their desorption at other end
undergo appreciable enhancement. Hence, the over-
all effect is the increase in permeability of water
vapors. The various transmission parameters, as cal-
culated using eqs. (1)–(3), have been detailed in
Table I. The values of different parameters obtained
at three temperatures also support our arguments.

Isosteric heat of sorption (qst)

The net isosteric heat of sorption, qst, is a good mea-
sure of the interaction of water vapor with the solid
substrate. It is also known as binding energy of
sorption and defined as the difference qst�DHvap,

Figure 6 Kinetics of water vapor transmission through
PC at different temperatures.

Figure 7 Scheme showing permeation of water vapors
through a film.

Figure 5 GAB isotherms for PC film at different
temperatures.
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where qst is the total heat of sorption and DHvap is
heat of vapourization of water at given tempera-
ture.43 Thus, it may be considered as an indicative
of intermolecular attractive forces between the sorp-
tion sites and water vapor.

The integrated form of Clausius-Clapeyron equq-
tion, which correlates water activity with function of
temperature, can be given as

ln aw ¼ �qst
RT

þ C (6)

where qst is the net isosteric heat of sorption (kJ
mol�1), R is gas constant (R ¼ 8.314 kJ mol�1 K�1),
and C is a constant.

Water activity was plotted against reciprocal of
absolute temperatures at various moisture contents
as shown in Figure 8. The sorption isosteors showed
smooth straight lines and hence confirmed that eq.
(6) fitted the experimental data. For the moisture
content range of 0.05–0.10, the net qst values were
obtained in the range of 38.20–43.40 kJ/mol. The val-
ues obtained indicate that qst values are large at low
moisture content and decrease with an increase in
material moisture content. The observed positive
values of qst suggest an easy physical sorption of
water molecules forming a mono molecular layer.
Finally, the qst values, as a function of moisture con-
tent are shown in Figure 9. It is clear that qst values
decrease with increase in moisture content. This may
be attributed to the fact that initially sorption occurs

on the most active available sites, thus giving rise to
high interaction energy. As soon as these sites
become occupied, sorption occurs on the less active
site and gives rise to lower heat of sorption. At low-
moisture content the higher heat of sorption could
be due to strong interaction between water mole-
cules and hydrophilic groups of chitosan.

Effect of plasticizer on moisture content

The addition of the plasticizing agent to edible film
is required to overcome film brittleness, which is
caused by extensive intermolecular forces. Plasticiz-
ers reduce these forces, thereby improving flexibility
and extensibility of the films.44 Since, plasticizers
extend, dilute and soften the structure effectively,
the chain mobility is increased and hence water
vapor permeates with enhanced rate.
In the current work, different plasticizers, namely,

glycerol, sucrose, and carbitol, were added to plain
chitosan solution (in 40% weight of dry chitosan)
and the WVP of resulting films was investigated at
RH of 100% at 25�C. The results, as depicted in

Figure 8 Water activity versus reciprocal of temperature
plots for plain chitosan film to determine qst.

Figure 9 Variation in values of qst with moisture content.

Figure 10 Kinetics of permeation of water vapor through
plasticized films.

TABLE I
Kinetics of Permeability of Plain Chitosan Film

at Different Temperatures

Parameters

Temperatures

10�C 25�C 37�C

WVTR (g s�1 m�2) 0.122 0.175 0.350
Permeance
(g s�1 m�2 Pa�1) 1.95 � 10�5 2.79 � 10�5 5.5 � 10�5

Permeability
(g s�1 m�1 Pa�1) 3.91 � 10�10 5.59 � 10�10 11.18 � 10�10
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Figure 10, clearly indicate that the amount of mois-
ture which permeates through the films, increases
due to addition of plasticizer. However, this effect is
almost negligible in the case of carbitol-loaded film.
The enhancement in water vapor permeation follows
the order carbitol < sucrose < glycerol. Thus, carbi-
tol seems to be the most appropriate plasticizer as
its presence results in minimum enhancement in
permeation of water vapors when compared with
other plasticizers. This may probably be due to the
fact that carbitol has ability to bind with less water
vapor molecules than other plasticizers used, and so
it provides lowest WVP. The same finding has also
been reported by McHugh et al.45 The structural
modification of chitosan network by plasticizers and
their hydrophilic nature are the main reasons for
enhancement in WVP. The WVTR, as determined for
carbitol, sucrose and glycerol were found to be
0.240, 0.260, and 0.265, respectively. Therefore, it can
be concluded that due to the addition of plasticizer,
vapor permeability is observed to increase and carbi-
tol provides minimum water vapor permeation.

Isotherm for plain chitosan and ZOLC films

The entrapment of ZnO nanoparticles into chitosan
film is expected to cause change in vapor permeabil-
ity of the film. To investigate this, the equilibrium
moisture content of PC film and ZOLC(2) films were
determined at different water activities and are
depicted in Figure 11. It is clear that for a given
water activity nano zinc oxide-loaded film exhibits
less moisture uptake. This may simply be explained
on the basis of the fact that the presence of zinc ox-
ide metal nanoparticles reduces the overall hydro-
philic character of the film. It has been reported on
the basis of the measurement of the relative contact
angle and activity ratio that ZnO nanoparticles ex-
hibit excellent hydrophobic nature.46 We also mea-
sured percent moisture content permeated through
PC and ZOLC films at different time intervals (see

Fig. 12) and determined related parameters. The
observed lower parameter values for ZOLC film
may be attributed to the hydrophobic nature of ZnO
nanoparticles as discussed above. In addition, there
are possibilities of H-bonding interactions between
ZnO nanoparticles and AOH groups present in chi-
tosan chains within the film. This argument is sup-
ported by the work done by Yang et al.,47 who have
reported hydrogen bonding interactions between
ZnO and carboxylic and amino groups of enzyme
molecules. These hydrogen bonding interactions
may produce additional crosslinks within the film
network and hence discourage the diffusion of water
vapors through films. The WVTR, WVP for the
plain, and nano ZnO-loaded films were found to be
17.5 � 10�2, 55.9 � 10�11, and 15.7 � 10�2 g m�2 s�1,
50.3 � 10�11 g m�1 s�1 Pa�1, respectively. The rela-
tively lower values obtained for ZOLC film also sup-
port our findings.

Antibacterial activity of PC and ZOLC films

The antibacterial activity of ZOLC film was investi-
gated using E. coli 11,634 as model bacteria by zone
inhibition and cell count methods.48 The results of
zone inhibition method, as depicted in Figure 13,
clearly indicate that the Petri plate supplemented
with ZnO-loaded film shows a clear zone of inhibi-
tion around the piece of film (see Fig. 14), whereas a
dense population is observed in the petri-plate con-
taing PC film. This indicates that ZnO nanoparticles
demonstrate fair antibacterial action against E. coli.
In addition, the biocidal action seems more effective
in the petri-plate that contain ZOLC(4) film as com-
pared with ZOLC(2) film that may simply be due to
the fact that ZOLC(4) contains higher concentration
of ZnO nanoparticles. Here, it is also noteworthy to
mention that chitosan has a very fair reputation asFigure 11 Isotherm for PC and ZOLC(2) films at 25�C.

Figure 12 Kinetics of water vapor permeation through
plain and ZOLC(2) films at 25�C.
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antibacterial agent,49 but in the present study, it did
not show any biocidal action as can be seen in Fig-
ure 13 (see Petri plate with plain chitosan film, taken
as control). This may be explained on the basis of
the fact that a high molecular weight chitosan (i.e.,
1.42 � 106) has been used in the preparation of films,
and so it has almost been ineffective against bacterial
growth.50 In addition, the kinetics of bacterial killing
was also investigated (see Fig. 14). It is quite clear
that there is an appreciable growth rate of bacteria
in the control set while the growth rate is sup-
pressed to a greater extent in the solution containing
the zinc oxide-loaded film. Both of these experi-
ments reveal that nano ZnO has great potential to be
used in edible films as antimicrobial agent. Finally,
Figure 15 depicts the growth of bacterial colonies
produced in the petri-plates supplemented with uni-
formly distributed small pieces of plain, ZOLC(2),
and ZOLC(4) films. The number of colonies present
was found to be 1976 and 1504, respectively. It is
clear that the number of colonies decreases with
increase in ZnO content. The mechanism of antibac-

terial action of nano ZnO has already been reported
in the literature. According to current research
reports on mechanism of antibacterial action of ZnO
nanoparticles, it is believed that nano ZnO, on com-
ing in contact with bacterial cells in the presence of
moisture produce reactive oxygen species such as
hydroxyl radicals, superoxides, and H2O2.

24 Since,
the hydroxyl radicals and super oxides are nega-
tively charged particles; they cannot penetrate into
the cell membrane and must remain in direct contact
with the outer surface of bacteria and cause severe
damage to proteins, lipids, and DNA.51 However,
H2O2 penetrates the cell membrane and kills the
bacteria.52

Here, it is also worth mentioning that formation of
inhibition zone around the zinc oxide nanoparticles-
loaded films also indicates that ZnO nanoparticles
must have diffused away from the film, thus causing
bacterial cells death and forming clear zone of inhi-
bition around the circular film. This means that if
food stuff is wrapped by the film then ZnO nano-
particles shall diffuse into the food stuff and attack
the growing bacteria. As stated in the Introduction
section, zinc is also used as nutrient and therefore
ZnO nanoparticles that diffuse from the film into the
food stuff shall not produce any harmful effect on
the health of the user.

CONCLUSIONS

From the above study, it is concluded that moisture
uptake of chitosan films decreases with increase in
the temperature, whereas WVP shows just opposite
trend. The GAB isotherm successfully interprates the
moisture uptake data. The presence of plastisizer
enhances the WVP. However, the zinc oxide nano-
particles-loaded film exhibits less moisture uptake as
compared with PC film. The nano ZnO-loaded film
exhibit excellent antibacterial action against E. coli.

Figure 14 Kinetics of bacterial growth for PC and
ZOLC(2) films against E. coli.

Figure 15 Number of colonies grown in petri-plates sup-
plemented with (A) PC, (B) ZOLC(2), and (C) ZOLC(4)
films. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 13 Evaluation of antibacterial action for (A) PC,
(B) ZOLC(2), and (C) ZOLC(4) films by ‘‘zone inhibition’’
method. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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